We estimated the telomere lengths of neoplastic and nonneoplastic mesothelial cells and examined their correlation with asbestos exposure and the expression of markers of mesothelial malignancy. Cell blocks of pleural effusion obtained from 35 cases of non-neoplastic disease (NN), 12 cases of malignant mesothelioma (MM) and 12 cases of carcinomatous effusion due to lung adenocarcinoma (LA) were examined. Fifteen of the 35 NN cases had pleural plaques (NNppþ) suggestive of asbestos exposure, and the other 20 cases had no pleural plaques (NNpp-). Telomere length was measured using the tissue quantitative fluorescence in situ hybridization method, and expressed as normalized telomere-to-centromere ratio. NN cases had significantly longer telomeres than MM (P < 0.001) and LA (P < 0.001) cases. Telomeres in NNppþ cases were slightly shorter than those of NNpp-cases (P ¼ 0.047). MM and LA showed almost the same telomere length. NN cases with shorter telomeres tended to show aberrant expression of epithelial membrane antigen (EMA), CD146, glucose transporter 1 (GLUT1) and IGF-II messenger RNA-binding protein 3 (IMP3). These results suggest that telomere shortening and subsequent genetic instability play an important role in the development of MM. Measurement of telomere length of cells in pleural effusion might be helpful for earlier detection of MM.
Telomeres are nucleoprotein complexes consisting of tandem TTAGGG repeats located at the ends of eukaryotic chromosomes. Telomeres generally shorten by 50 to 200 base pairs with each normal somatic cell division as a result of incomplete replication of telomere repeats during DNA synthesis À the so-called end-replication problem. 1 Telomere shortening occurs with human aging in many organs and tissues, promoting genetic instability and increasing the risk of malignancy. 2, 3 Using quantitative fluorescence in situ hybridization (Q-FISH) and our originally developed software, "Tissue Telo", we have confirmed the telomere length distributions of different cell types in the tongue, 4 stomach, 5 breast, 6 esophagus, 7 and bronchus. 8 We have also demonstrated that the esophageal epithelium of alcoholics shows reduction of telomere length. 9 In the present study, we estimated and compared the telomere lengths of neoplastic and non-neoplastic mesothelial cells in pleural effusion, and examined their correlation with asbestos exposure and the expression of markers of mesothelial malignancy.
MATERIALS AND METHODS

Subjects and tissue processing
Cell blocks obtained from 35 cases of non-neoplastic pleural effusion (NN), 12 cases of carcinomatous effusion due to lung adenocarcinoma (LA) and 12 cases of malignant mesothelioma (MM) were examined. Using thoracoscopic biopsy specimens, the diagnoses in all of cases of malignant mesothelioma were confirmed by immunohistochemistry for more than two mesothelial markers and two adenocarcinoma markers in accordance with the standard diagnostic criteria. 10 In 15 of the 35 NN cases, CT scan revealed pleural plaques (NNppþ) suggestive of asbestos exposure, and this was confirmed upon examination of the patients' occupational and residential history. The remaining 20 NN cases showed no pleural plaques (NNpp-) and the patients' hospital records indicated no asbestos exposure history. In NNppþ patients, absence of malignant mesothelioma was confirmed by thoracoscopic examination. The causes of non-neoplastic pleural effusion in NNpp-cases were pleuritis (4 cases), heart failure (2 cases), renal failure (2 case), and unknown (12 cases). All of the 15 NNppþ cases were considered to be benign asbestos-related pleural effusion. The clinical characteristics of the cases are shown in Table 1 .
The pleural effusion samples were centrifuged for 5 min at 2000 rpm and the fluid was decanted. The centrifuge tubes were then refilled with 10-20% formalin solution, recentrifuged for 5 min at 2000 rpm and then left to stand for 2 h. The fixed pellets at the bottom of the tubes were removed and embedded in paraffin by standard processing. The paraffin-embedded pellets were sliced serially into 2 mm thick sections for Q-FISH and 3 mm thick sections for HE staining and immunohistochemical staining using anti IGF-II messenger RNA-binding protein 3 (IMP3) antibody (monoclonal antibody, Dako Cytomation, Glostrup, Denmark), anti CD146 antibody (monoclonal antibody, Abcam, Cambridge, MA, USA), anti-epithelial membrane antigen (EMA) antibody (monoclonal antibody, Dako Cytomation), and anti-glucose transporter 1 (GLUT1) antibody (monoclonal antibody, Abcam).
Approval for this study was obtained from the ethics committee of the International University of Health and Welfare. Informed consent for the research use of materials was obtained from all subjects.
FISH and probes
The slides were processed by the FISH method, as reported previously. [4] [5] [6] [7] 11 Tissue sections were hybridized with peptide nucleic acid probes for the telomere (Telo C-Cy3 probe: Microscope control and image acquisition were performed using the Image-Pro Plus software package (version 7.0, Media Cybernetics, Silver Spring, MD, USA). The captured images were analyzed with our own tissue analysis software, TissueTelo Ver. 3.01, which estimates the telomere-to-centromere ratio (TCR) of individual nuclei, as reported previously. [4] [5] [6] [7] 11 Nuclear regions were identified manually from the composite color image: DAPI (blue channel), FITC (green), and Cy3 (red). Telomere and centromere signals were then determined as pixels showing the brightest intensities (top 5%) within each selected nuclear region. The measured signal intensities (or optical densities) were corrected for background autofluorescence, as determined from the mean of the pixels showing the lowest intensities (bottom 20%). The top 5% and bottom 20% thresholds had previously been shown to give consistent results. 12 As there is no guarantee that the entire nucleus is captured within any given tissue section, the total corrected telomere signal (integrated optical density, IOD) for each nucleus was further normalized by the corresponding IOD of the centromere. 4 
TCR normalization by cell block
As a control for variations in sample preparation, we also performed Q-FISH on a cell-block section from a cultured cell strain, TIG-1, 13 with a population doubling level of 34.
The telomere length of the control cell block was 8.6 kbp as determined by Southern blot analysis. The control cell block sections were placed on the same slides as the pleural effusion cell block sections. The TCR measurement for each mesothelial cell or tumor cell was divided by the mean TCR for the control cellblock on the same slide to give the normalized TCR (NTCR) of the cell.
4,5
Statistical analyses
The NTCRs for mesothelial cells and tumor cells were compared by t test. Differences at P < 0.05 were considered to be significant.
RESULTS
Example FISH images of the pleural effusion cell blocks are shown in Fig. 1 . The telomere lengths for the various groups are shown in Fig. 2 . NNpp-and NNppþ cases showed significantly longer telomeres than MM (P < 0.001, P ¼ 0.002, respectively) and LA (P < 0.001) cases. Telomeres in NNppþ cases were slightly shorter than those in NNpp-cases, and the difference was statistically significant (P ¼ 0.047). MM and LA cases showed almost the same telomere length.
Results of immunohistochemistry for EMA, CD146, GLUT1 and IMP3 are shown in Table 2 . Most of the nonneoplastic mesothelial cells showed no immunoreactivity with the 4 antibodies, although a small number showed aberrant positive expression (Fig. 3) . Figure 4 shows the correlation between aberrant expression in non-neoplastic mesothelial cells and telomere length. Cases with shorter telomeres tended to show aberrant expression of the four antigens.
DISCUSSION
Malignant mesothelioma is a rare malignant tumor that arises through unregulated proliferation of mesothelial cells lining the pleura, peritoneum, pericardium and tunica vaginalis. The pleural cavity is the most commonly involved site, accounting for approximately 80% of MMs.
14 A strong relationship between asbestos exposure and development of MM has been demonstrated by several studies. 14, 15 The latency period of asbestos-related MM is very long, and is considered 30 to 60 years, 16 which accounts for the fact that the incidence of MM is still increasing, even after the ban on asbestos use in the 1990s in many developed countries. 17 The mechanism of MM genesis resulting from asbestos exposure has been studied extensively, and is thought to be related to long-term inflammation at sites of asbestos fiber deposition. Mesothelial cells and macrophages exposed to asbestos generate reactive oxygen and nitrogen species, which cause DNA damage, 18, 19 and release a variety of cytokines and growth factors that induce inflammation, generate resistance to apoptosis, and lead to accumulation of DNA damage. 20, 21 The propensity of asbestos fibers to absorb a variety of chemicals, including carcinogens, is also considered to play a role in oncogenesis. 22 The present study revealed two phenomena: (i) telomere shortening in mesothelial cells of patients with asbestos exposure, and (ii) frequent expression of IMP3, CD146, EMA and GLUT1 in mesothelial cells with shorter telomeres. These four antigens are not specific to MM but are known to be frequently expressed in MM cells and only rarely in reactive mesothelial cells, being useful for differentiation between them. 23 These two findings suggest that telomere shortening and the subsequent increase of genetic instability play an important role in the genesis of MM in asbestos-exposed patients. Many factors are involved in this complex process, and our study is considered to have revealed one of them. Measurement of the telomere length of mesothelial cells in pleural effusion in asbestos-exposed patients might provide useful information. The latency period of asbestosrelated MM is very long, and therefore it is very difficult or impossible to predict whether a person who has a history of asbestos exposure will develop MM in future. Moreover, MM is a malignant tumor for which early diagnosis is particularly difficult. 24 Our present findings suggest that telomere shortening in the mesothelial cells of pleural effusion could predict the risk of MM development. If telomere length of such cells could be measured periodically, it might be possible to evaluate the risk of MM development and be helpful for early detection and treatment of MM. Pleural effusion cytology is important for early diagnosis of pleural MM, but cytological diagnosis of MM is sometimes very difficult, and includes two steps: determination of malignancy followed by identification of mesothelial origin. 25 A mesothelial origin can be confirmed using immunohistochemical panels containing markers that are positive and negative for mesothelium. 26 Determination of malignancy, especially differential diagnosis of mesothelial cells with reactive atypia and low-grade malignant mesothelioma cells, is a more difficult problem. Recently, reliable cytological diagnosis of mesothelial malignancy has become possible using the p16 FISH method 27, 28 and BAP1 immunocytochemistry, 29 although some undeterminable cases still exist. Data on the telomere length of mesothelial cells are considered helpful for cytological diagnosis in such undeterminable cases because our study demonstrated a significant difference of telomere lengths between MM and non-neoplastic mesothelial cells. Accurate measurement of telomere length is helpful not only for revealing the mechanisms of aging and carcinogenesis but also for devising novel methods for early diagnosis and improving the prognosis of patients with various diseases. Our semi-automatic computerized Q-FISH method yields accurate data on telomere length of selected cells in various materials. More beneficial information can be expected when further data on telomere length of various cells in various diseases have been accumulated.
